X-ray backscatter (XBS) provides a novel approach to the field of non-destructive evaluation (NDE) in the aerospace industry. XBS is conducted by collecting the radiation which is scattered from a sample illuminated by a well-defined Xray beam, and the technique enables objects to be scanned at a sub-surface level using single-sided access, and without the requirement for coupling with the sample. Single-sided access is of particular importance when the objects of interest are very large, such as aircraft components. Carbon fibre composite materials are being increasingly used as a structural material in aircraft, and there is an increasing demand for techniques which are sensitive to the delaminations which occur in these composites as a result of both large impacts and barely visible impact damage (BVID). The XBS signal is greatly enhanced for plastics and lightweight materials, making it an ideal candidate for probing sub-surface damage and defects in carbon fibre composites. Here we present both computer modelling and experimental data which demonstrate the capability of the XBS technique for identifying hidden defects in carbon fibre.
INTRODUCTION

X-ray backscatter
X-ray backscatter (XBS) occurs as a result of Compton scattering, an incoherent, inelastic process where the energy of the scattered photon is different to that of the incident photon, as shown in Figure 1 . This difference in energy depends on the angle of scatter (θ) and the incident X-ray wavelength. Generally, for X-ray energies of up to 100keV, Compton scatter occurs in all directions. Thus, single-sided interrogation of a material is possible by directing an X-ray beam at an object, and detecting backscattered X-rays -those emerging at an angle 270° > θ > 90° -across an area of interest to construct an image 1 .
The probability of Compton scatter depends on the electron density of the material, which in turn is dependent on Z eff and physical density. However, because absorption effects are dominant in high Z eff materials, XBS is enhanced for lower Z eff materials such as carbon fibre composites. This technique has been applied in the fields of security (e.g. screening passengers at airports 2 , as well as trucks and cars 3 ), medicine (e.g. assessing bone density 4 ), and aerospace 5 , plus has potential applications in many others such as oil and gas drilling 6 and food inspection 7 .
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Carbon fibre composites and aircraft NDE
Carbon fibre composite materials consist of layers of woven carbon fibres that are embedded in a resin matrix. The specific method of weaving and layering as well as the type of resin used can be varied and depends on the intended application 8 . Due to their very high strength-to-weight ratio, these materials have been increasingly incorporated into aircraft, such as the Airbus A380 and Boeing 787 Dreamliner 9 .
However, the use of such materials has introduced novel challenges in the area of aircraft NDE, as the defects caused by impacts and fatigue on carbon fibre composites differ to those in more traditional metallic structures. Notably, delaminations -when the layers within the composite separate -are one of the most common defects that can occur 10 . NDE methods that are currently used include eddy current, ultrasonics, electrochemical methods, thermography, dye penetrant, tap testing, and radiographic inspection (both transmission and backscatter) 9, 11, 12 , but not all are applicable to composite materials.
Ultrasonics is currently the standard test modality, but has disadvantages of signal interpretation and the requirement of acoustic coupling agents 13 . XBS has potential in this area as it does not require sample preparation, has an enhanced signal in lightweight materials, and only requires single-sided access 11 -making it practical for use on large structures such as aircraft.
METHODOLOGY
Monte Carlo model setup
FLUKA software (v2011.2c.4) was used to create models of XBS experimental setups and run Monte Carlo simulations in order to assess the ability to detect subsurface defects of interest in carbon composites. The input parameters that were required for these models are depicted in Figure 2 . The spectra for a tungsten X-ray source operated at 50kVp and 80kVp were generated using SpekCalc software 14 . A 1mm-diameter pencil beam was used in all simulations.
The following molecular weightings were inputted to simulate the carbon fibre composite samples: 67% carbon, 21% hydrogen, 4% nitrogen, and 8% oxygen; they were presumed to have a density of 1.7gcm -3 15 . Defects were introduced as voids of air within samples, and various shapes were tested.
The 'detector' was a cuboid where the number and energy of any photons that passed through the face nearest the sample were measured. FLUKA had the option to modify detector efficiency, outputting the energy deposited in the detector per photon; this measure or a simple sum of counts were used for our analyses. The energy spectra of incident and transmitted X-rays were also recorded.
Monte Carlo simulations
An X-ray beam (set to 50kVp) was scanned across carbon fibre composite samples, with incident X-rays perpendicular to the sample surface. In the first scenario, a 3mm-diameter cylindrical void was introduced into the sample ( Figure 3A) ; a crack perpendicular to the sample surface ( Figure 3B ) and an in-plane defect ( Figure 3C ) were also simulated. All voids were positioned at 3mm depth into a 7mm-thick carbon fibre composite sample. In-plane defects are of greater interest due to their closer similarity to a delamination. A layered delamination was modelled by a series of ten in-plane 100µm x 3mm x 3mm air gaps, separated by 125µm of composite material ( Figure  4 ). This feature was positioned at the back (relative to incident X-rays) of the sample panel, as this is where delaminations tend to occur when there is an impact on the outer surface of fuselage. The total sample thickness was also varied: 3, 5, 8, 10, 15, 20, 30, 40 , and 50mm-thick samples were modelled. An incident X-ray beam (80kVp) at an acute incident angle was used, as earlier simulations suggested that this would improve the XBS signal. 
Experimental setup
An X-ray source (Source-Ray Inc. SB-80-1K) with a 1mm pinhole collimator was mounted on a rotation stage such that the incident X-ray angle could be modified. Vertical and horizontal translation stages were used for remote sample positioning. All motion stages were controlled via a Newport XPS-Q8 controller. A compact, mains-operated energyresolving CdTe detector (Amptek X-123) with a 5mm 2 active area and 0.1mm Be window was used to collect the backscattered X-rays.
A graphical user interface (GUI) was created in Matlab (MathWorks R2015a), allowing the user to input start and end positions, step sizes (min. 10µm), and scan time at each step, such that the data acquisition was synchronised with the movement of the sample stages. The outputted data files contained information on the recorded spectra at specified stage positions (horizontal and vertical) and an additional file with the summed total counts from the spectra at each point. The GUI also displayed a plot of the XBS spectrum collected at the last point, and a pixellated colour map of summed counts for all positions scanned, both of which updated automatically as the scan progressed.
Carbon fibre panel scans
A 3.5mm-thick carbon fibre composite panel that had been impacted in five positions using a laboratory hemispherical impactor was scanned. The central impact had caused the most damage, and a second impact had also resulted in a visible distortion on the back surface of the panel (circled in Figure 5 ). A CT scan of the panel clearly showed the delaminations that had occurred as a result of both these impacts; no defects caused by the other three were evident (data not shown).
A pencil X-ray beam (80kV, 1mA) was scanned across the front face of the panel (i.e. impacted side, left image in Figure 5 ) in the two regions with known delaminations. A step size of 1mm and acquisition time of 15s/step was used. The summed counts from the collected XBS spectra at each point were used to create an image of the two defects. 
RESULTS AND DISCUSSION
Monte Carlo simulations
The result of the simulation described in Figure 3A is shown in Figure 7 . In general, a defect was detected where the XBS signal -normally from scattered X-rays at all depths within a sample -dropped off due to there being less material present. In addition to this, there was a noticeable rise in scatter collected when the X-rays were incident on the edge of the defect that was furthest from the detector. This can be explained by the fact that the scattered X-rays at this point are attenuated by less material before reaching the detector compared to those scattered from further up the panel (as illustrated by the diagrams within Figure 7 ). Figure 8 shows the result of scanning the 0.5mm crack defect ( Figure 3B ), and demonstrates how the position of the detector affected which side the rise in counts was observed. Thickness =40mm Ea0015keV(sNR=38051 -0.5 0.5 Figure 9 . Result of simulation of 0.5mm in-plane 'delamination' at 3mm depth However, the in-plane defect ( Figure 3C ) resulted in no obvious XBS signal contrast at the defect site, as shown in Figure 9 . It was found that X-rays incident at an acute angle to the sample surface were more effective at detecting such defects, as the voids constituted a larger portion of the scatter volume in this geometry.
The XBS results from layered delaminations simulated with an acute incident X-ray angle are presented in Figure 10 .
The plots for each sample thickness show the normalised summed counts from the XBS spectra at each position. Blue circles were calculated from the full spectra, whereas the pink dots only used counts from the energy range shown, chosen to give the highest signal-to-noise-ratio after iteratively changing the lower energy threshold.
The delamination signal was apparent even up to a 50mm-thick sample, although the SNR was significantly degraded beyond 30mm of thickness (i.e. with the delamination appearing from 27.75mm depth). 
Experimental results
The data acquired with the experimental XBS system are presented in Figure 11 . The delaminations were clearly revealed by the contrast in counts compared to the surrounding undamaged material. The line scans show slices through the strongest drop in XBS signal; this confirmed that there was a rise in counts on one side of the defect, as simulations had predicted. This explains the brighter regions in the images, corresponding to the defect edge that was furthest from the detector during the scan. Figure 11 . XBS images and line scans through delamination caused by 'Impact 1' (top) and 'Impact 2' (bottom)
CONCLUSIONS
The results of simulations successfully predicted the way in which delaminations in carbon fibre composites would appear under experimental conditions. The effect of the increase in XBS signal on one side of a defect needs to be investigated further; it may be advantageous to use this signal to alert a user to the presence of a defect in addition to the fall in counts that follows.
Although the sample used for this initial experiment had not been subjected to surface treatments such as lighting strike protection (copper mesh) and paint, the potential of XBS for aircraft NDE is apparent and further work is under progress. There is much scope for optimising the defect detection capability of the experimental system by modifying various parameters such as the X-ray flux, beam collimation size, incidence angle, scanning step size, counting time, and detector characteristics.
